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For over 30 years the industry standard method for mercury analysis has been the 
cold vapor atomic absorption spectrometric technique (CVAAS). Recent developments in 
improving this technique have focused on procedures for concentrating mercury in the analyte 
or materials to improve detection. The LECO Corporation produces an Advanced Mercury 
Analyzer, the AMA-254, for analysis of the solid and liquid samples. The system allows for 
the thermal heating of the sample to decompose the sample and release mercury, which is 
concentrated in a gold amalgam. Thermal desorption of the mercury from the amalgam is 
detected by atomic absorption spectroscopy. A comparison of the performance of the AMA-
254 with CVAAS techniques was made using standard reference materials. The CVAAS 
method follows the procedure in ASTM Method D 3684. The results of this research indicate 
that the AMA-254 is very easy to use in the analysis of solid and liquid samples without pre-
treatment and has a lower detection limit than the CVAAS technique. 
IX 
I. INTRODUCTION 
The increasing threat of environmental contamination by the widespread use of 
mercury and its compounds in industry and agriculture, and the potential hazard of a high 
intake of toxic forms of mercury by large groups of the population, have focused a great deal 
of attention on the fate of mercury in the environment. 
A. Source of Mercury in the Earth 
Mercury occurs in the natural state only in small amounts, estimated at 50 to 80 ppb 
of the earth's content. It exists mainly in the form of various sulfides. Primary deposits of 
this metal occur in practically all types of igneous, metamorphic, or sedimentary rocks in 
concentration varying in general between 50 to 500 ppb.1 Ninety-nine percent of the mercury 
mined in the world is concentrated in mercuriferous belts that correspond to the mobile zones 
of dislocation of the earth: the East Pacific Rise, involving the west coast of America and 
eastern part of Asia, and the Mid-Atlantic Ridge. All industrially used deposits of mercury 
are located within these belts. 
B. Mercury Cycle 
Mercury can enter the geochemical and biogeochemical cycle by simply transport in 
the form of metallic mercury vapors, or transformed into volatilized organic mercury 
compounds, and by chemical transformation into more soluble salts or mercury compounds. 
Both natural and manmade emissions are modified by biological processes into forms that are 
more directly harmful to human beings. Significant amounts of mercury are directly released 
1 
2 
from the earth's crust by the process of degassing. Figure 1 shows the mass balance of 
mercury cycle at earth's surface, estimated for the current annual direct anthropogenic Hg 
release to the atmosphere were averaged and taken as 4000 tons. Total emissions were taken 
to be 7000 tons/year. Elemental mercury may be the dominant form in the atmosphere, other 
species occupy enormously significant positions in the atmospheric/biogeochemical Hg cycle. 
The oxidation of elemental mercury by ozone is mediated by a reduction involving sulfite. 
So three main forms of mercury, elemental mercury, mercury(I), and mercury (II) exist in the 
atmosphere. Elemental mercury is volatile; the vaporizing of metallic mercury constitutes the 
easiest way of transport into the atmosphere. The vapor pressure is high even at normal 
temperature and rapidly increases with rising temperature. Mercury compounds fall to the 
earth's surface with rain or snow. Some of the elemental mercury reaches inland aquatic 
environments, where metallic mercury can again accumulate and be transformed into methyl 
mercury, whose biological accumulation (in fish, such as sword fish, and tuna as well as 
animal and humans) and accumulation in sediments have been well established2"4. 
Mercury is somehow less toxic in its volatile form, elemental mercury, than in organic 
compounds such as methyl mercury or inorganic salts. There have been reported incidences 
of fatalities and injuries due to mercury from around the world prior to 1970—for example, 
Minamata Bay in Japan from 1953 to 1960, West Pakistan in 1963.5 
C. Mercury Pollution and Manmade Emissions 
The rule of human activities in the amount of mercury being released into the 
environment can be deduced from the annual production rates of mercury. Although not all 
produced mercury is dissipated directly into the environment, only minor portions of the total 
production are stocked or recycled, and the rest of the mercury and its compounds are finally 
Figure 1. The current global Hg cycle. 
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released in some way into the atmosphere, surface waters and soil, or ends in landfills, dumps, 
and refuse. The major part of the mercury produced annually is still consumed by the 
chlorine-alkali industry to compensate for the lo sses of mercury in the electrolytic production 
of chlorine and caustic soda. This type of industry constitutes the largest potential source of 
mercury released into the atmosphere and surface water. This sources of environmental 
pollution has been identified repeatedly. In many plants all over the world steps have been 
taken to prevent unnecessary release of mercury. 
Agricultural uses of organomercurial fungicides have constituted a considerable 
portion of mercury production released in the form of highly toxic methyl mercury in past 
years.6 The distribution and biodegradation of residues of mercurial fungicides in the soil 
have increased levels of mercury. In contrast, phenyl mercury penetrates easily into the 
deeper layers of the soil. 
A recently discovered source of mercury released into the environment is the burning 
of fossil fuels. Preliminary information has shown that ash from coal burning plants contains 
negligible amounts of mercury, and that the mercury content of fuels is released completely 
into the atmosphere. The mercury content in coal samples, determined by mercury vapor 
detectors after release of mercury by combustion, range from 0.007 to 33 ppm. Coal samples 
from Illinois analyzed in a study revealed an average value of 0.18 ppm.7 Since the annual 
production of coal in the U.S. is near a billion tons it may be assumed that the amount of 
mercury released into the atmosphere from burning this coal approaches 760 tons. 
D. Types of Mercury Compounds and their Effects on Humans 
All mercury compounds are toxic in certain concentrations. There are three main 
types of mercury compounds to be concerned about, inorganic mercury includes elemental 
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mercury and its salts. Organic mercury compounds include the arylmercurials and 
alkylmercurials compounds. 
Elemental mercury in the gaseous state is the most dangerous of all since it is rapidly 
absorbed by the lungs and passes from there into the blood and brain, where serious central 
nervous system damage takes place.44 Arylmercurials, which contain aromatic hydrocarbons 
as part of the molecule, appear to break down readily into inorganic mercury compounds. 
Alkylmercurials, which contain aliphatic hydrocarbon compounds, are considered the 
greatest health hazard. These compounds diffuse easily through biological membranes and 
penetrate into tissue, where damage is done to the central nervous system, the gastrointestinal 
tract, and the kidneys—as well as causing other illnesses.45 This relationship is shown in 
Figure 2. 
E. Exposure Limits of Mercury in the Environment 
There are regulations about workplace exposure limits for mercury. The United 
States Environment Protection Agency (USEPA) estimates that for an adult of average 
weight, exposure to 0.021 milligrams of inorganic or organic mercury per day in food or 
water will probably not result in any harm to their health. The legal airborne permissible 
exposure limit legislated by Occupational Safety and Health Administration (OSHA) is 0.1 
mg/cubic meter, not to be exceeded at any time. 
Recent concerns about the many sources of mercury emissions and the total amount 
of mercury species being released into the environment has caused the USEPA to initiate 
plans for writing new standards for such emissions. At the July 28, 1998, Contractor's 
Technical Meeting of the Illinois Clean Coal Institute, Sam Napolitano of the USEPA stated 
that the agency would probably have new standard in place in 1999.8 
6 
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Figure 2. Relationship between classes of toxic mercury. 
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F. Instrumental Methods 
Several studies have shown that mercury concentration in sediments, vegetation fish, 
and human hair can be used to monitor changes in the environmental pollution levels of 
mercury.9"23 Normally, the concentration of mercury in biological and environmental samples 
is relatively low except in exposed and industrial areas, so that accurate analysis is still a major 
problem. For the determination of low level mercury concentrations a number of instrumental 
analytical methods can be used.24 27 Among the most frequently employed are the following: 
cold vapor atomic absorption spectrometry (CVAAS), cold vapor atomic fluorescence 
spectroscopy (CVAFS), inductively coupled plasma-mass spectrometry (ICP-MS), 
electrochemical methods, and neutron activation analysis (NAA). During the last three 
decades CVAAS and CVAFS have replaced most of other techniques, except ICP-MS. The 
absolute detection limits of some techniques are presented in Table 1. It should be noted, 
however, that detection limits reported are dependent on the overall analytical procedure 
including sample preparation prior to the final quantification step. 
1. Cold Vapor Atomic Absorption Spectrometry 
Most of the CVAAS procedures are based on the principle developed by Poluektov 
and coworker.28,29 A reducing agent (SnCl2 or NaBH4) is added to the reaction vessel 
containing the prepared sample. The mercury compounds are reduced to metallic mercury, 
which is liberated from the sample solution and swept directly into a quartz cell in the atomic 
absorption spectrometer for detection. The procedure provides sensitivity in the 10-100 pg 
range, is easy to use, highly selective, and inexpensive. Several authors have applied a flow 
injection procedure for determination of mercury using the cold vapor technique30'31 and a 
Sequential Injection System32 in order to combine a high analysis rate with both high 
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Table 1. Most Frequently Used Methods for Mercury Analysis and Their Absolute Detection 
Limits. 
Method Species Detected Reported D.L. fpe He) 
CVAAS Hg° 20 
CVAFS Hg° 0.1 
AES Hg(g) 0.5 
PAS Hg° 10 
GC/ECD RHg-X 50 
Colorimetric Hg(H)(aq) 10 
ICP-MS H §(aq) 10
6 
Resistance H § ( g ) 500 
NAA Hg 500 
Piezoelectric H § ( g ) 10
6 
sensitivity and selectivity. All samples needed to pretreat with acid or other oxidants, such 
as hydrochloric acid, sulfuric acid, nitric acid, and dichromate, to digest all mercury 
compounds. 
Sample digestion for mercury analysis using microwave heating has been reported.43 
This procedure increases laboratory efficiency by reducing volume of sample as well as the 
time required. Procedures for mercury analysis in coal are found in the ASTM standard 
method D 3684, "Standard Test Method for Total Mercury in Coal by Oxygen Bomb 
Combustion/Atomic Absorption Method." In these procedures, the coal sample is burned 
in an oxygen bomb with HN03 to trap mercury compounds. All mercury compounds are 
oxidized in the acidic solution. A small portion of KMn04 is then added, and the solution 
filtered. This samples solution is then reactivated with reducing agent to form the elemental 
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mercury, and the gaseous elemental mercury is determined by atomic absorption 
spectrometry. 
2. Cold Vapor Atomic Fluorescence Spectrometry 
Aside from CVAAS, most trace mercury research uses atomic fluorescence detection 
because of its very high inherent sensitivity,33,34 The principle of atomic fluorescence is 
complementary to atomic absorption. Once the mercury atoms have absorbed the incident 
253.7 nm radiation, they almost immediately re-emit light at the same wavelength. This light 
can be separated from incident light and monitored by viewing with a shielded photomultiplier 
tube perpendicular to the excitation beam. The system is inherently more sensitive than 
CVAAS because the positive signal is viewed against a low positive background. In contrast, 
CVAAS uses a negative signal separated from a very high positive background. Atomic 
fluorescence is still under development, and detection limits for mercury analysis can be 
expected to fall considerably. Recently, a prototype with a detection limit of approximately 
0.002 pg was produced. The most significant drawback of CVAFS, however, is that the very 
low detection limits are obtainable only in high-purity inert gas because molecular species can 
thermally quench the excited mercury atoms through collisional energy transfer to the 
molecular energy states. 
Falter an Ilgen35 used HPLC with postcolumn oxidation and CVAFS detection for 
the determination of methyl mercury and inorganic mercury. Emteborg36and coworkers used 
a coupled GC-CVAFS technique for mercury speciation. 
In both methods, CVAAS and CVAFS, there are a number of interferences dependent 
on the composition of the sample. The most serious interference may occur with the 
determination of mercury in geological samples, which may contain high concentrations of 
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palladium, platinum, cold, silver, antimony, copper, zinc, or lead. By proper selection of the 
pH and the reducing agent, this interference can be minimized or completely removed. 
3. Inductively Coupled Plasma/ Mass Spectrometer 
Total mercury in samples may be analyzed by ICP/MS, where the plasma is used to 
atomize the sample that is then carried to the MS for quantification. The advantage of 
ICP/MS is that the method can determine the mercury isotopic ratio. 
4. Neutron Activation Analysis 
Neutron activation analysis(NAA) is a nondestructive method that allows for analysis 
of total mercury in an ambient sample. Usually the sample is placed into a small vial and 
irradiated with a neutron source, the greater the neutron flux, the shorter the necessary 
irradiation time to obtain a given signal. After irradiation, the sample is cooled to allow the 
highly radioactive but short-lived species to decay. Once cooled sufficiently, the sample is 
placed into a gamma-ray spectrometer, and the gamma emission of the particular isotope is 
measured. Several other atoms will absorb a neutron to become radioactive, and therefore 
becoming interferential because of their gamma emissions. Lori J. Blanchard and J. David 
Rberstson37 described the determination of mercury in coal by means of radiochemical 
neutron activation with detection limits of 5 ng/g. 
5. Photo-acoustic Spectroscopy 
In the photo-acoustic spectroscopy analysis of mercury, the element is first 
concentrated on a gold trap and following thermal release it is quantified by measuring the 
sound produced from fluorescent quenching, when the sample vapor is irradiated with a 
modulated mercury vapor lamp. This method has been successfully used for detection of ultra 
trace levels of mercury in air and snow.38 
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6. Colorimetric Analysis 
Colorimetric analysis of mercury is still used today because of its low cost, simplicity 
and sensitivity. The reagent, diphenylthiocarbazone, or dithizone, was introduced in 1925 and 
used in the analysis. Dithizone extraction and colorimetric analysis at a sensitivity of 0.01 
ppm can be reached with a detection of about 2 |ig.39 A method for spectrophotometric 
determination of mercury with dithizone modified with VPK-101 after pre-concentration by 
the method of membrane filtration was developed in 1997.40 This method is based on 
interaction of mercury with dithizone at a pH 1.1-1.2. The intensity of the color of the 
forming complex is measured at 498 nm. Dithizone with mercury forms a stable and light-
resistant complex in the presence of VPK-101. 
7. Gas Extraction 
Activated carbon adsorbs mercury well in the analysis of gaseous mercury, but 
releases mercury very poorly during thermal desorption.41 Iodinated activated carbon is even 
better for absorbing mercury, as it irreversibly absorbs all tested volatile mercury species 
including Hg°, (CH3)2Hg, CH3HgCl, and HgCl2 and has a very large capacity. Another 
material in this class is Hopcolite, a proprietary mixture of metals and metal oxides. Materials 
such as these are excellent for monitoring atmospheres with high mercury concentrations and 
complex matrices, such as industrial exhausts. For sampling of industrial stack gases, a 
common (and the only EPA approved) method is using bubbles filled with oxidizing solutions 
to trap mercury. The most common and most efficient of these is acidified KMn04, but 
bromine water has also been used. 
8. Thermal Analysis & Gold Trap 
In recently studies, scientists have combined thermal releasing mercury40 with the 
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mercury trap technique. Table 2 shows the mercury species characterized by the temperature 
range at which they are released. The mercury is released from the sample by thermal 
treatment in oxygen and swept into a gold amalgamator. The mercury is quantitatively 
trapped on the surface of a gold amalgamator and subsequently released for quantitative 
determination by a dedicated atomic absorption spectrophotometer. In the research 
community it is common practice to employ the so-called dual amalgamation technique, in 
which mercury is desorbed from the first trap to a second trap which is attached to the 
detector. This result in uniform peak heights as all desorption to the detector is from a single, 
well-characterized trap. However, recent work has indicated that with peak area 
determination, this time-consuming step is unnecessary. Other materials may be used to 
absorb mercury from the gas phase, but these are generally more problematic than gold. 
Noble metal such as silver, copper, and platinum will amalgamate with mercury, but they 
quickly become deactivated by oxidation and other reactions. 
The LECO Corporation produces an Advanced Mercury Analyzer, the AMA-254, 
for analysis of the solid and liquid samples. The system allows for the thermal heating of the 
sample to decompose the sample and release mercury, which is concentrated in a gold 
amalgam. Thermal desorption of the mercury from the amalgam is detected by atomic 
absorption spectroscopy. 
G. The Objectives of the Research 
The goal of this research was to develop an analytical method capable of yielding 
accurate, reliable values for mercury determination in coal and liquid samples. The approach 
to achieving this goal is by means of a comparison of the performance of the LECO AMA-
254 with conventional CVAAS techniques using certified reference materials. 
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Table 2. Temperature Range for the Release of Different Mercury Species from Soils and 
Ores. 
Mercury Species 
Hg 
Hg2Cl2 
HgCl2 
HgO 
HgS 
Hg in Pyrite 
Hg in Spharelite 
Mercury Temperature 
<80 
< 150 
170 
<250 
220 
270-535 
160-495 
300 
280-400 
210-340 
400 
450 
600 
Reference 
Watling, Davis et al., 1973 
Bonbach et al., 1994 
Watling, Davis et al., 1973 
Koksoy, Bradshaw and Tooms,1967 
Watling, Davis et al., 1973 
Koksoy, Bradshaw and Tooms, 1967 
Watling, Davis et al., 1973 
Watling, Davis et al., 1973 
Biester, 1994 
Koksoy, Bradshaw and Tooms, 1967 
Bonbach et al., 1994 
Watling, Davis et al., 1973 
Watling, Davis et al., 1973 
II. EXPERIMENTAL 
A. Materials 
1. Coal Samples 
Eight coal samples from the CANSPECS Program were used in this study, including 
CS51, CS53, CS54 (NIST1632c), CS55 (NIST2686b), CS56, CS57 (NIST2684b), CS58 
(NIST 2685b), and CS59. National Institute for Testing and Materials (NIST) standard 
reference materials (SRMs) 1635 and 1632b were also used. Some of the CANSPECS 
samples are standard reference materials, while some of them are candidates of standard 
reference materials. All CANSPECS samples have a consensus value for mercury content. 
This value is the average of the four values reported for each sample by twelve laboratories 
in international round robins. Each sample was analyzed in different laboratories by different 
methods, including three labs using the ASTM D 3684 procedure.45 Analytical values for the 
10 samples are given in Table 3. Coal rank and consensus value are shown in Table 4. 
2. Reagents and Solutions 
2.1. Mercury standard solution, 1000 ppm-Dissolve 1.080 g of Mercury (II) oxide 
( Puratronic, 99.998% reagent grade) in a minimum volume of HC1 (1+1). Dilute to 1 liter 
with nanopure water. 
2.2. Hydrochloric acid - Fisher certified ACS reagent (sp gr 1.19). 
2.3. Nitric acid (l+9)-Dilute 100 ml concentrated nitric acid (sp gr 1.42) to 1 liter 
with nanopure water. 
14 
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Table 3. Analytical Values (As-Determined Basis) for Certified Reference Coal Samples and 
NIST* SRMs In This Study. 
C % H % N % S % M % A % Btu/lb 
CS51 83.53 5.13 1.58 1.35 1.57 3.40 14727 
CS53 78.26 5.59 1.91 2.25 1.28 5.87 14247 
CS54 77.68 5.09 1.54 1.49 2.08 7.16 13802 
CS55 66.58 4.29 0.99 0.48 16.03 6.21 10997 
CS56 69.35 4.19 0.95 0.38 4.99 10.48 11762 
CS57 69.25 4.59 1.45 3.10 3.84 10.85 12269 
CS58 64.59 4.45 1.07 4.69 2.21 15.93 11555 
CS59 51.26 4.28 1.08 0.58 8.95 19.75 8588 
SRM1632b 78.11 5.07 1.56 1.89 2.20 6.80 13715 
Table 4. the Mercury Concentration In CANSPECS Coal Samples and NIST*SRMs. 
Canspecs No. SRMNo. Coal Rank Consensus Value (ppm) 
CS51 HVA Bituminous 0.09 
CS53 HVA Bituminous 0.184 
CS54 1632c HVA Bituminous 0.08 
CS55 2686b Subbituminous 0.09 
CS56 HVC Bituminous 0.04 
CS57 2684b HVB Bituminous 0.09 
CS58 2685 HVB Bituminous 0.14 
CS59 Subbituminous 0.084 
1635 Subbituminous 0.02 
1632b HVA Bituminous 0.07 
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2.4. Sodium hydroxide - Fisher certified ACS reagent. 
2.5. Sodium borohydride solution-Dissolve 1.0 of NaOH flakes in water, dissolve 
3.0 g of NaBH4 powder (Aldrich reagent) in NaOH solution, and then filter. 
2.6. Potassium permanganate solution-Dissolve 5.0 g Kmn04 in 100 ml nanopure 
water. 
2.7. Standard solution of 1, 2, 3, 4, 5, and 6 ppm mercury-Prepared from the basic 
solution of 1000 ppm by pipetting 0.1,0.2,0.3,0.4,0.5, and 0.6 mL into 100-mL volumetric 
flasks. One mL of concentrated HN03 is added to every flask and diluted to the volume with 
nanopure water. The above steps were followed to make 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and 
0.6 ppm mercury standard solutions. 
B. Instrumentation 
A LECO AMA-254 advanced mercury analyzer is used to determine the mercury 
content in the coal samples. A diagram of the instrument is shown in Figure 3. The sample 
boat is automatically inserted into a quartz decomposition tube, which is heated by two 
independent furnaces, the dry/decomposition furnace and the catalyst furnace. Within the 
decomposition tube, the sample is first dried and then thermally decomposed. A flow of 
oxygen carries the decomposition products into the catalyst core, where the decomposition 
is completed at a temperature of 750 °C and acidic halides and oxides are trapped. The 
remaining products are carried to the gold amalgamator that selectively traps mercury. The 
amalgamator is then rapidly heated, releasing the mercury vapor into the absorbency cuvettes 
where the peak heights are measured at 253.65 nm as a function of mercury content by a 
silicon diode UV detector. The AMA-254 has a 0.01 ng Hg detection limit, a working range 
from 0.05 to 600 ng Hg, reproducibility smaller than 1.5%, and five minutes analysis time. 
3 (X 
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Figure 4. Schematic diagram of the AA-3100. 
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A LECO AC-350 Automatic Calorimeter was used to decompose the coal samples 
following the ASTM D 3684 procedure.45 In the AC-350, the sample is burned in a bomb 
under oxygen, where the nitric acid absorbs and oxidizes all mercury compounds. The bomb 
is then rinsed with the smallest amount of nanopure water and diluted to 100 mL with nitric 
acid (1+9). 
A Perkin-Elmer Model AA-3100 Atomic Absorption Spectrometer was used to 
measure the cold vapor metallic mercury content. A diagram of the PE AA-3100 is shown 
in Figure 4. The light from the mercury source lamp is divided into a sample beam, which is 
focused through the sample cell, and a reference beam, which is directed around the sample 
cell. In a double-beam system, the readout represents the ratio of the sample and reference 
beams. Therefore, fluctuations in source intensity do not become fluctuations in instrument 
readout, and the baseline is much more stable. So the baseline for this double beam atomic 
absorption spectrophotometer is much more stable. The metallic mercury absorbs the 
radiation energy and absorbency is detected by a photomultiplier tube. The parameters set 
for the analysis are as follows: 
• Wavelength-253.7 nm. 
Slit-0.7nm. 
• Sensitivity-4.2 mg/L. 
• Hollow cathode lamp current-6 mA. 
• Calibration-Nonlinear. 
• Integration-Peak height. 
Detection of limit (with MHS-10)-0.001 fig/L. 
Model- AA and AA-BG. 
Reference Beam 
Chopper 
Monochromator D e t e c t o r 
Readout 
Sample Cell 
Electronics 
Beam 
Recombiner 
Figure 4. Schematic diagram of the AA-3100. 
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The MHS-10 Mercury Hydride System was connected to the AA-3100. Figure 5. 
shows the schematic of the MHS-10. The continuous stream of nitrogen gas flows from the 
pressure reducer through flow restrictor Fl , restrictor F2 and line/, and also goes through 
the multipath valve (2). When the toggle position switch is set to position "NaBH4" the 
nitrogen gas stream flows through line e quartz cell (4), thus purging the system free of air. 
To perform a determination, the sample solution from the AC-3 50 preparation is pipetted into 
the reaction vessel, and the plunger is immediately depressed and held. The pressure is 
applied from outlet B of the valve via line d to the reductant reservoir. When NaBH4 is 
reductant, the violent reaction and release of hydrogen causes thorough mixing of the 
solution. The reaction then takes place and the metal hydride or metallic mercury vapor is 
transported to the quartz cell where the atomic absorption of the metallic mercury is 
measured. When the tracing on the recorder indicates that the maximum signal has been 
attained and the signal starts to decrease again, the plunger is released. 
C. Experimental Procedures 
1. Method for AMA-254. The drying, decomposition, and waiting time was set to 
70, 120, and 45 seconds, respectively, for the liquid sample and 10, 200, and 50 seconds, 
respectively, for the solid samples. The sample volume for the liquid samples is 100 |il and 
sample weight around 100-300 mg for solid samples. The AMA-254 was calibrated with 
NIST standard reference material 1632b, which has a mercury concentration of0.070 ppm. 
As shown in Figures 6 and 7 the calibration curve is not linear, even in first range. The 
program runs 7-10 blanks, then calibration cycle, and then the sample analysis cycle. Each 
coal samples was run five times. 
2. Method for CVAAS, The procedure followed was ASTM Method D 3684.45 The 
1. Pressure reducer 
2. Multipath valve with plunger 
3. Changeover valve with toggle swith 
4. Quartz cell 
5. Immersion tube 
6. Reaction flask 
7. Reductant reservoir 
8. Flashback arrestor 
9. Pressure relief valve 
Figure 4. Schematic diagram of the AA-3100. 
Figure 
Mercury content (ng) 
6. Calibration curve for AMA-254 in the first range using SRM-1632b, 1-13-99. 
Mercury content (ng) 
Figure 7. Calibration curve for AMA-254 in the first range using SRM-1632b, 1-20-99. 
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AA-3100 was to run mercury standard solution ranging from 100 to 500 ng to make 
calibration curves in Figure 8,9,10,11, and 12. Each standard solution was run three times, 
then the sample solutions were run. Each sample was run twice using AC-350 calorimeter 
to make 100 mL coal sample solution. Each solution was then run three times using the AA-
3100 using 20 mL aliquots each time. The oxygen bomb vessel was resined several times 
with nanopure water and nitric acid to eliminate the reducant in the vessel. In the first, 
second, and third run, AA model was used; in the forth and fifth run of CVAAS, a model 
AA-BG was used. 
3. Procedure Using the Bomb Calorimeter Combined with the AMA-254. The 
sample solutions that were prepared in the bomb calorimeter were determined using the 
AMA-254. The procedure for the bomb calorimeter followed the ASTM D 3684 Method. 
Each sample was run twice, and measured three times with the AMA-254 using 0.1 mL 
sample solutions. Calibration curve for the first range and second range are shown in Figures 
13 and 14 using the standard solutions and ranging from 0-500 ng. 
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Figure 14. Calibration curve for AMA-254 in the second range using standard solutions. 
III. RESULTS AND DISCUSSION 
A. Method Accuracy 
Table 5 and Table 6 list experimental results obtained with the AMA-254 for the 
certified reference coal samples. More specifically, nine of the coal samples, which were 
homogeneously prepared to be -60 mesh (250/im) materials, have mercury concentration in 
the 0.02-0.184 ppm range. Furthermore, Tables 5 and 6 show the total mean errors 
compared with the consensus values. Figure 15 shows that most of the errors were under 
24%, and the average relative errors -17.64%, and thus the experimental values agree with 
the consensus values very well. For CANSPECS coal sample 51 and NIST SRM 1635, the 
mean errors are -32.34%, and -61.78%, respectively. Raphaelle Richaud47 reported that 
the mercury concentration of SRM-1635, as measured with AMA-254, was 0.0017 ppm 
(relative error 15%). The best result is from the CANSPECS 54, with an error of-0.62%. 
The mercury concentrations measured by CVAAS using the AA model are shown in 
Table 7-9, and the errors distribution is shown in figure 16. The largest error occurred for 
SRM-1635, which agrees with the results obtained from the AMA-254, with the exception 
of the CANSPECS coal sample 56. The average relative error is 97.45%, and the error 
distributions are random and around -50% to 200%. 
Table 10 and 11 show the errors range from 72.69% to 91.86% and average relative 
error shown in Figure 17 is 19.22%. These results are better than the results obtained with 
Table 7-9, with the exception of CANSPECS coal sample 55 and 56. In the forth and fifth 
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Table 5. Comparison of Mercury Analyses Obtained with the AMA-254 with Consensus Values, 1-13-99. 
CANSPECS CS51 CS53 CS54 CS55 CS56 CS57 CS58 CS59 NIST1635 
Number (PPm) (ppm) (PPm) (PPm) (ppm) (PPm) (ppm) (ppm) (ppm) 
Run 1 0.0672 0.1553 0.0802 0.0798 0.0295 0.0747 0.1191 0.0755 0.0127 
Run 2 0.0608 0.1634 0.0788 0.0787 0.0303 0.0774 0.1175 0.0793 0.0086 
Run 3 0.0657 0.1709 0.0760 0.0800 0.0302 0.0755 0.1173 0.0734 0.0090 
Run 4 0.0652 0.1742 0.0728 0.0798 0.0330 0.0757 0.1184 0.0761 0.0101 
Run 5 0.0618 0.1745 0.0734 0.0807 0.0308 0.0747 0.1162 0.0696 0.0089 
Mean Values 0.0641 0.1677 0.0762 0.0798 0.0308 0.0756 0.1177 0.0748 0.0099 
Std Dev. 0.0027 0.0082 0.0032 0.0007 0.0013 0.0011 0.0011 0.0036 0.0017 
Consensus Values 0.0900 0.1840 0.0800 0.0900 0.0400 0.0900 0.1400 0.0840 0.0200 
%RSD 4.2200 4.9091 4.2503 0.8845 4.3553 1.4676 0.9404 4.7593 17.1717 
%Relative Error -28.7333 -8.8804 -4.7375 -11.3333 -23.0550 -16.0289 -15.9286 -10.9762 -50.7000 
u> 
Table 6. Comparison of Mercury Analyses Obtained with the AMA-254 with Consensus Values, 1-20-99. 
CANSPECS CS51 CS53 CS54 CS55 CS56 CS57 CS58 CS59 NIST 1635 
Number (PPm) (PPm) (ppm) (ppm) (ppm) (PPm) (PPm) (PPm) (ppm) 
Run 1 0.0610 0.1681 0.0786 0.0870 0.0310 0.0831 0.1256 0.0761 0.0072 
Run 2 0.0632 0.1670 0.0814 0.0819 0.0334 0.0828 0.1305 0.0713 0.0082 
Run 3 0.0602 0.1714 0.0792 0.0841 0.0326 0.0842 0.1276 0.0747 0.0071 
Run 4 0.0602 0.1757 0.0772 0.0836 0.0301 0.0827 0.1260 0.0769 0.0085 
Run 5 0.0598 0.1725 0.0811 0.0811 0.0331 0.0826 0.1293 0.0764 0.0071 
Mean Values 0.0609 0.1709 0.0795 0.0836 0.0320 0.0831 0.1278 0.0751 0.0076 
Std. DeV. 0.0014 0.0035 0.0018 0.0023 0.0014 0.0007 0.0021 0.0023 0.0007 
Consensus Values 0.0900 0.1840 0.0800 0.0900 0.0400 0.0900 0.1400 0.0840 0.0200 
%RSD 2.2589 2.0452 2.2064 2.7180 4.4735 0.8160 1.6441 3.0012 8.7829 
%Relative Error -32.3422 -7.0978 -0.6150 -7.1556 -19.9250 -7.7044 -8.7143 -10.6452 -61.7800 
0 1 2 3 4 5 6 7 8 9 10 
Sample number 
Figure 15. Distribution of relative error from the AMA-254 analyses. w 
Table 7. Comparison of Mercury Analyses Obtained with CVAAS with Consensus Values, 2-16-99. 
CANSPECS CS51 CS53 CS54 CS55 CS56 CS57 CS58 CS59 NIST 1635 
Number (PPm) (PPm) (PPm) (PPm) (ppm) (PPm) (PPm) (ppm) (PPm) 
Run 1 0.1473 0.1768 0.1416 0.1021 0.0676 0.0941 0.2685 0.1709 0.0982 
Run 2 0.1788 0.1988 0.1332 0.1139 0.0933 0.0822 0.2507 0.1697 0.0833 
Run 3 0.1297 0.1501 0.1494 0.1184 0.0824 0.0990 0.2337 0.1482 0.1178 
Mean Values 0.1519 0.1753 0.1414 0.1115 0.0811 0.0918 0.2510 0.1629 0.0998 
Std. Dev. 0.0249 0.0244 0.0081 0.0084 0.0129 0.0086 0.0174 0.0127 0.0173 
Consensus Values 0.0900 0.1840 0.0800 0.0900 0.0400 0.0900 0.1400 0.0840 0.0200 
RSD % 16.3859 13.9057 5.7181 7.5785 15.9151 9.3950 6.9471 7.8197 17.2998 
%Relative Error 68.8056 -4.7541 76.7519 23.8628 102.7538 1.9644 79.2586 93.9518 398.8500 
as 
Table 8. Comparison of Mercury Analyses Obtained with CVAAS with Consensus Values, 2-19-99. 
CANSPECS CS51 CS53 CS54 CS55 CS56 CS57 CS58 CS59 NIST1635 
Number (ppm) (ppm) (ppm) (PPm) (ppm) (ppm) (ppm) (ppm) (ppm) 
Run 1 0.0857 0.1295 0.1290 0.0967 0.0749 0.1248 0.1642 0.1913 0.0869 
Run 2 0.1206 0.1419 0.1307 0.1068 0.0686 0.1365 0.1760 0.1783 0.0976 
Run 3 0.1338 0.1288 0.1252 0.1112 0.0700 0.1386 0.1804 0.2051 0.0818 
Mean Values 0.1134 0.1334 0.1283 0.1049 0.0712 0.1333 0.1735 0.1915 0.0888 
Std. Dev. 0.0249 0.0074 0.0028 0.0075 0.0033 0.0075 0.0083 0.0134 0.0081 
Consensus Values 0.0900 0.1840 0.0800 0.0900 0.0400 0.0900 0.1400 0.0840 0.0200 
%RSD 21.9362 5.5303 2.1865 7.1273 4.6774 5.5958 4.7988 6.9988 9.1000 
%Relative Error 25.9989 -27.5071 60.3338 16.5500 77.9425 48.1183 23.9407 128.0339 343.9000 
<1 
Table 9. Comparison of Mercury Analyses Obtained with CVAAS with Consensus Values, 3-1-99. 
CANSPECS CS51 CS53 CS54 CS55 CS56 CS57 CS58 CS59 NIST1635 
Number (PPm) (PPm) (PPm) (ppm) (PPm) (PPm) (PPm) (ppm) (ppm) 
Run 1 0.1186 0.4657 0.0902 0.0424 0.3981 0.0422 0.1444 0.0423 0.0470 
Run 2 0.1214 0.4864 0.1387 0.0423 0.4170 0.0422 0.1991 0.0420 0.0195 
Run 3 0.1150 0.4144 0.1023 0.0425 0.4073 0.1094 0.1611 0.0423 0.0198 
Mean Values 0.1183 0.4555 0.1104 0.0424 0.4075 0.0646 0.1682 0.0422 0.0288 
Std. Dev. 0.0032 0.0371 0.0253 0.0001 0.0095 0.0388 0.0280 0.0001 0.0158 
Consensus Values 0.0900 0.1840 0.0800 0.0900 0.0400 0.0900 0.1400 0.0840 0.0200 
%RSD 2.7018 8.1389 22.8915 0.1742 2.3262 60.0656 16.6607 0.3235 54.9606 
%Relative Error 31.4589 147.5630 37.9819 -52.9039 918.6375 -28.2544 20.1246 -49.7643 43.8575 
00 
Sample number 
Figure 16. Distribution of relative error from the CVAAS analyses. 
Table 10. Comparison of Mercury Analyses Obtained by CVAAS with Consensus Values, 3-5-99. 
CANSPECS CS51 CS53 CS54 CS55 CS56 CS57 CS58 CS59 NIST1635 
Number (ppm) (PPm) (ppm) (ppm) (PPm) (ppm) (PPm) (PPm) (PPm) 
Run 1 0.1061 0.2317 0.0912 0.0422 0.0078 0.0787 0.1436 0.0788 0.0219 
Run 2 0.0869 0.2430 0.1025 0.0799 0.0220 0.0836 0.1149 0.0832 0.0312 
Run 3 0.1221 0.2218 0.1024 0.0421 0.0030 0.0422 0.1215 0.0791 0.0212 
Mean Values 0.1050 0.2322 0.0987 0.0547 0.0109 0.0681 0.1267 0.0804 0.0247 
Std. Dev. 0.0177 0.0106 0.0065 0.0218 0.0099 0.0226 0.0151 0.0024 0.0056 
Consensus Values 0.0900 0.1840 0.0800 0.0900 0.0400 0.0900 0.1400 0.0840 0.0200 
%RSD 16.8173 10.1359 6.1807 20.7167 9.4073 21.5292 14.3414 2.3182 5.2968 
%Relative Error 16.6894 26.1826 23.3894 -39.1672 -72.6938 -24.2967 -9.5200 -4.3339 23.7400 
o 
Table 11. Comparison of Mercury Analyses Obtained by CVAAS with Consensus Values, 4-27-99. 
CANSPECS CS51 CS53 CS54 CS55 CS56 CS57 CS58 CS59 NIST 163 5 
Number (PPm) (PPm) (PPm) (ppm) (ppm) (ppm) (PPm) (PPm) (ppm) 
Run 1 0.1558 0.3483 0.0565 0.2067 0.0807 0.1506 0.2544 0.1555 0.0068 
Run 2 0.1301 0.3497 0.0377 0.1559 0.0416 0.1510 0.2542 0.1551 0.0040 
Run 3 0.1559 0.3497 0.0388 0.1554 0.0740 0.1418 0.1812 0.1560 0.0033 
Mean Values 0.1473 0.3493 0.0443 0.1727 0.0654 0.1478 0.2299 0.1555 0.0047 
Std. Dev. 0.0149 0.0008 0.0105 0.0295 0.0209 0.0052 0.0422 0.0005 0.0018 
Consensus Values 0.0900 0.1840 0.0800 0.0900 0.0400 0.0900 0.1400 0.0840 0.0200 
%RSD 10.0937 0.2407 23.7354 17.0878 31.9595 3.5396 18.3566 0.2943 39.5379 
%Relative Error 63.6535 89.8158 -44.5957 91.8648 63.6000 64.2239 64.2254 85.1700 -76.6504 
Sample number 
Figure 17. Distribution of relative error from the CVAAS analyses. ^ 
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ran for AA-3100, the model AA-BG was used to measure the absorbency, so the background 
correction reduces the errors in mercury determination. The errors obtained with the AMA-
254 are smaller than the errors obtained with AA-3100 using AA-BG model in average. All 
errors in AMA-254 are systematic errors and in CVAAS are chance errors. 
For all CANSPECS coal samples, the mercury concentrations measured with the 
AMA-254 are smaller than the consensus values, which may be due to loss of mercury. 
Some of these samples likely have a higher metallic mercury, which may be released at room 
temperature and atmospheric pressure because of the mercury volatility.40 Since these 
samples were not stored in a refrigerator and all samples had been analyzed for proximate, 
ultimate analysis, and other coal analysis prior to mercury measurement, some of the mercury 
may have been lost during the use of the sample. 
Another explanation may be that the gold surface for trapping mercury may quickly 
be coated by layers of ammonium salts, biogenic waxes, sulfur compounds, or other 
pollutants.46 In addition, contact of the gold with free halogens will result in volatilization of 
gold halides, which then result in gold deposits downstream in the gas tubing of the 
instrument. If this process of contamination occurs, it will lead to poor results. The data 
plotted in Figure 15 indicate that the correction factor can be applied to correct for this loss 
since the errors between the first and second run are small. 
The two calibration curves prepared on two different days are almost the same as 
shown in Figures 5 and 6. These results confirm that the AMA-254 is very stable. 
The mercury concentrations determined by CVAAS were significantly different from 
the consensus values. Because all operations are in an open system, errors likely result from 
the contaminations by the environment, glassware, reagents(KMn04, HN03), or volatilization 
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process. 
B. Method Precision 
Method precision allows for the measurement of the random, or indeterminate, errors 
of the analysis. The relative standard deviation calculated for the AMA-254 analyses are 
listed in Tables 5 and 6 and illustrated in Figuresl5. Those calculated for the CVAAS 
analyses are listed in Tables 10-11 and illustrated in Figure 16. The standard deviations for 
the AMA-254 are in the range 0.0007-0.0023 ppm, and the relative standard deviations are 
in the range 0.08-8.78%, but for the CVAAS analysis using the model AA-BG, the standard 
deviations are from 0.005 to 0.0422 ppm, and the relative standard deviations from 24% to 
39.53%. So the results indicate that the method for AMA-254 is more precise and has a 
higher repeatability. 
C. Detection Limit 
The detection limit for the samples is estimated to be 0.002 ng for AMA-254 analysis 
and 7.47 ng for the CVAAS(3a criterion) analysis. Table 13 indicates that the AMA-254 
mercury analysis has lower detection limits than that of the CVAAS mercury analysis. There 
are some possible reasons for the lower mercury detection limits observed for the CVAAS 
procedures. First, mercury is easily lost by volatilization when the bomb pressure is released. 
Table 12 demonstrates that the higher errors and relative standard deviations are likely to be 
caused by the loss of mercury. There is a decrease in mercury values from run 1 to run 3, or 
from run 4 to run 6. Second, for the large number and excesses of reagents such as sodium 
borohydride, potassium permanganate, and sodium hydroxide that are used, high blanks 
usually are encountered. All these give rise to the most sources of mercury contamination. 
The detection limit for AMA-254 analysis is smaller than that for CVAAS analysis which 
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Table 13. Calculation of Detection Limits Using Different Method 
Blanks AMA-254 AMA-254 AMA-254 CVAAS CVAAS 
1-13-99 1-20-99 2-16-99 2-19-99 3-1-99 
Run 1 0.0012 0.0016 2254 3219 2013 
Run 2 0.0014 0.0016 3584 3909 1792 
Run 3 0.0016 0.0019 3684 3760 1579 
Mean Values 0.0014 0.0017 3234 3629 1794 
Std. Dev. 0.0002 0.0002 860 363 217 
D.L.(ng) 0.0020 0.0022 0.85 7.47 2.56 
supports this latter comment, since the AMA-254 uses no reagents. 
As shown in Figure 18 and Table 12, the concentrations of mercury in CANSPECS 
sample 55 and 57 are close to the consensus values, while the rest of the samples have 
greater difference. This result may be due to using small amounts of sample solution (0.1 ml) 
for samples with such low concentrations of mercury. Even though the AMA-254 has a low 
detection limit, the signals for samples are weak and close to those of the blank. 
Table 12. Mercury Analyses Determined with AMA-254 Using the Bomb Decomposition Techniques. 
CANSPECS CS51 CS53 CS54 CS55 CS56 CS57 CS58 CS59 NIST1635 
Number (ppm) (PPm) (ppm) (PPm) (PPm) (PPm) (PPm) (PPm) (PPm) 
Runl 1.6410 0.6380 0.2490 0.1120 0.0490 0.0800 0.0880 0.0190 0.0170 
Run2 1.7280 0.5410 0.2250 0.0760 0.0190 0.0680 0.1020 0.0470 0.0230 
Run3 1.5640 0.5870 0.0254 0.0850 0.0400 0.1130 0.0970 0.0490 0.0300 
Run4 1.2140 0.4500 0.2410 0.0900 0.0630 0.0690 0.1000 0.0640 0.0520 
Run5 1.0550 0.3690 0.2130 0.0940 0.0720 0.0510 0.0910 0.0540 0.0280 
Run6 1.2210 0.3340 0.1450 0.1000 0.0750 0.0610 0.0930 0.0600 0.0200 
Mean Values 1.4038 0.4865 0.2427 0.0928 0.0530 0.0737 0.0952 0.0505 0.0283 
Std. DeV. 0.2750 0.1220 0.0856 0.0124 0.0214 0.0215 0.0054 0.0160 0.0126 
Consensus Values 0.0900 0.1840 0.0800 0.0900 0.0400 0.0900 0.1400 0.0840 0.0200 
%RSD 19.5895 25.0767 35.2887 13.3923 40.3438 29.2113 5.6943 31.6192 44.3453 
%Relative Error 1459.8148 164.4022 203.3333 3.1481 32.5000 -18.1481 -32.0238 -39.8810 41.6667 
1.6 
Consensus Values 
Sample number 
10 
Figure 18. Comparison the results of the AMA-254 analyses obtained with bomb decomposition techniques with the consensus values. ^ 
VI. CONCLUSIONS 
Based on the experiments reported in this thesis, the results obtained by the LECO 
AMA-254 mercury analyzer and the cold vapor atomic absorption spectrophotometric 
technique are significantly different. The AMA-254 analyzes the coal samples directly 
without chemical pretreatment in an analysis time of about 5 minutes per sample. CVAAS 
needs sample preparation, where volatile mercury may be easily lost before analysis, followed 
by cold vapor atomic absorption analysis. The procedures for CVAAS are complex, and 
there are many sources of errors in low-level mercury analysis. 
The observations and conclusions to be made based on the information generated from 
this investigation are as follows: 
• The accuracy and precision observed for the AMA-254 shows the instrument has a 
lower detection limit, is more accurate, and has better precision than the CVAAS 
technique. 
• The AMA-254 instrument is suitable for solid and liquid samples. 
• All results obtained by the AMA-254 instrument agree well with the consensus values 
for the mercury concentration in CANSPECS coal samples. However, the mercury 
concentrations are slightly lower than the consensus values and can be corrected by 
a constant factor. 
• There are matrix interferences between solid and liquid samples in the AMA-254 
analysis, so using the standard reference materials to calibrate the AMA-254 is very 
48 
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important. 
Most of the values for the mercury concentration determined by the CVAAS 
technique decrease with successive runs, which indicates the loss of mercury. 
It is essential to use the model AA-BG while the processes of mercury measurement 
with AA-3100. 
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